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TECHNICAL NOTE 2697

METHOD AND GRAPHS FOR THE EVALUATION OF
ATR-INDUCTION SYSTEMS

By George B. BraJjnikoff
SUMMARY

Graphs have been developed for rapid evaluation of air-induction
systems from consliderations of thelr aerodynamic-performance parameters
in combination wlth power-plant characteristics. The graphs cover the
range of supersonic Mach numbers up to 3.0. Examples are presented for
an alr-induction system and engine combination at two Mach numbers and
two altitudes In order to illustrate the method and application of the
graphs. The examples show that Jjet-engine characteristics lmpose restric-
tions on the use of fixed inlets if the maximmm net thrusts are to be
realized at all flight conditions. ’

INTRODUCT IOR

In order to obtein a true indication of the worth of a given air-
induction system as a component of a propulsive unit, it is necessary to
employ an evaluation parameter that represents a summation of all the
galns and penalties resulting from the use of that particular system.
Such a parameter should consider not only the aerodynamics of the entire
installation but also such factors as the welght, mechanical complexity,
tactical purpose of the aircraft, and meny others. Obviously, such a
universal parameter is difficult to derive and even more difficult to
apply. For this reason, it is convenient to make a partial evaluation
based on the aerodynemic considerations before attempting a general eval-
uation. In such a case, the net thrust or the net thermal efficlency can
be used as figures of merit because they provide a measure of the aero-
dynemic and thermodynamic qualities of the ingtallation. The net thrust
represents the force remaining after subtraction of the drag chargeable
to the propulsive system from the thrust that it develops. The net -
thermal efficiency may be obtailned from the net thrust, the flight veloc-
ity, and the rate of fuel consumption.

The maximum net thrust and thermel efficiency attainable with a jet-
engine instellation depend greatly on the performance of the air-induction
system employed. The characteristics of air-inductlon systems are ususlly
presented in terms of total-pressure recovery, external drag coefficient,
and mass-flow ratio. Unless all three of these parameters for one system
excel those for another at supersonic speeds, it is difficult to choose

v



2 i WACA TN 2697

the better system because of the interdependence of the engine and
induction-system parameters. Because of this interdependence, it is
necessary to combine the induction system and power-plant characteristics
80 as to obtain & gingle figure of merit for the complete installation.
By comparing the figures of merit, it 1s possible to establish the rela-
tlve serodynamic worth of each of the alr-induction systems comnsidered
when they are used with a given engine.

The effects of chenges in various parameters on the over-all perform-
ance of propulsive systems have been evaluated in the past (see refer-
ences 1, 2, and 3); however, the scope of each of these investigations
was limited because the magnitudes of changes due to variations in param-
eters were determined for specific engines or specific Installations.
Therefore, the results have quantitetive significance for the assumed
ingtallations only and cannot be applied directly to propulsive systenms
having component characteristics different from those used in the analyses.

The purpose of this report is to present a method of evaluation of
various alr-induction systems when combined with arbitrary jet engines,
and to present graphs that were developed to permit repid determination
of the thrust coefficlents of a wide variety of jet-propulsion systems
(ram jets, turbojets with afterburning, ducted fans, ete.). The evalue-
tion is based on considerations of the air handling qualities of the
induction systems and the component characteristics of engines. The
method allows selection of the aerodynemically optimum combination of an
indunection system and engine for a particular set of flight conditions.
Thus, it provides the initial solution in the more general problem that
considers the relative merit of systems for a range of flight conditions.

NOTATION
A cross-sectional area at any point of stream tube containing the
alr flowing through the propulsive system, square feet
a speed of sound, feet per second
CDE external drag coefficient of propulsive system based on maximum

frontal area of installation < E , dimensionless
% \

CDE' external drag coefflicient of propulsive system based on free-
stream cross-sectional area of stream tube entering the inlet

< e >, dimensioniess

dofo
CFi internal thrust coefficient based on maximum frontal area of
installation | —i-), dimensionless
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Cry!

Cry’

(o),

.H.V.

2 g pPFoH R

B

gl

internal thrust coefficlent based on the free-gtream cross-

. F
sectional area of stream tube entering the inlet L 9
dimensionless doho

net thrust coefficient based on the free-stream cross-sectional
ares of stream tube entering the inlet (Cry' - Cpg'),
dimensionless

net thrust coefficient based on maximum frontal area of engine,
dimensionless ]

external drag force chargeable to propulsive system
[D(B+S) - Dg + Dé], pounds

pressure and frictlon drag forces acting on the basic body
shape (fuselage) without an air inlet, pounds

total momentum of the incoming mass of air at the entrance
station less the totel momentum of the same mass of air in

the free stream [(pjA; + m;V;) - (PoA, + myV,)], Poundg

pressure and friction drag forces acting on the external gur-
face of the combined basic body and the propulslve system,
pounds

net thrust force (Fj; - Dg), pounds

internal thrust force (rate of momentum change of internal
flow between free-stream snd the tail-pipe exit where static
pressure is assumed equal to the free-stream static pressure),
pounds

acceleration due to gravity, feet per second squared

total pressure, pounds per square foot

specific enthalpy, Btu per pound

mechanical equivalent of heat, 778 foot-pounds per Btu

lower heatiﬁg value of fuel, Btu per pound

Mach number, dimenslonless

maess-flow rate, slugs per second

mass-flow ratio 242255

actual rotational speed of engine, revolutions per minute



)

o

H <« H

<

>

cc

ct

NACA TN 2697

4 x 519\
corrected rotational speed ( Na /—%)(uhere 7 and T

coi'respond to stagnation conditions at the inlet of the unit
under consideration), revolutions per minute

static pressure, pounds per square foot

dynamic pressure, pounds per square foot
maximum frontal area of power plant, square feet
maximm ?rontal area of inata;llation, square feet
static temperature, degrees Ra.nkiné

total temperature, degrees R‘ankine

speed, feet per second

welght-flow rate, pounds per second

ratio of specific heats

inerement

H
pressure correction factor <§r—>

net thermal efficiency of propulsive system (net thrust times
the flight speed divided by energy input rate)

combined adlabatic efficlency of compressor and turbine
' i
1.40 x 519
temperature-correction factor ——,rr—~

mass density, slugs per cubic foot
Subscripts

actual

air

compressor

corrected com:prés sor parameter

corrected turbine parameter
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D drag
E ‘external
F fhrust '
£  fuel
H stagnation conditions
i inte;nal (within bounderies of stream tube entering the inlet)
M conditions corresponding to flight Mach number
N net
-
opt optimm conditions (conditions of best performance)
P power’ plant
r at‘standard sea-level static conditions
R reference (such as frontal area, used in drag coefficient);
% turbine ’

0,1,2, station, as shown in figure 1
3, UU.ll

METHOD

.

The method of evaluation consists of determining the maximum net
thrust coefflicient based on the frontal area of the engine at varilous
conditions of flight. The present report conslders primarily the net
thrust coefficient, because the net thermsl efficiency depends directly
on the net thrust coefficient (see equation (A8) of appendix A); the
evaluation at a given flight conditlion leads to the same conclusions
regardless of which of the two parameters is used. The net thermal
efficiency is useful in evaluating complete flight plans when range and
endurance must be considered.

In order to evaluate an induetion system, the following information
mist be avallable:

1. The induction-system characteristics Hg/Hp, my/mo, and Cpg
(which represents the total drag chargeable to the propulsive
-gystem) for various Mach numbers and retios of inlet area to
frontel area of the installation
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2. The engine characteristics, such as the exhaust-to-inlet pres-
sure and temperature ratios and the air handling capacity
(volume of air consumed per second)1

With this information, an inlet size can be selected for the pro-
pulsion system such that it operates at any desired mass-flow ratio and
provides a constant volume of alr as required by the engine. The inleft
size and the mass-flow ratio in turn determine the external drag of the
system. By the use of the induction-system and engine-performance data
corresponding to the operating condition, it is possible to calculate the
net thrust coefficient.

In general, the method entails the following steps:

1. The thrust coefficient Cp;', based on the free-stream area Agp
of the air required by the engine, 1s calculeted for the given engine ag
a functlon of total-pressure recovery for the flight Mach number and
altitude. This computation is performed using the induction-system
characteristics (Hg/H, =as a function of m;/mg), the graphs presented
in this report, and equation (A3) of appendix A.

2. The drag coefficilent attributable to the propulsive system at
various mass-flow ratios, Cpp, 1s transformed to Cpg' by multiplying

CDg by the ratio Sg/A, (See equation (A4) of appendix A.)

3. The net thrust coefficient ' (based on Ag) at various mass-
flow ratios is obtained by subtracting the drag coefficient Cpg' (step 2)

from the thrust coefficient Cpy' (step 1). (See appendix A, equation (A6).)

4. The net thrust coefficient (CFH based on the frontal area of

the engine is obtained by transforming ' (step 3) by means of equa-
tion (AT) of appendix A. .

After these calculations are performed for the range of operational
mass-flow ratios, the meximum net thrust coefficient attainsble with the
%iven induction-system and engine cambination is found from the plot of

CFN)P as a function of m /m,.

Determination of the Maximm Net
Thrust Coefficlent

Many air-induction systems produce highest total-pressure recoveries
at mass-Flow ratios less than the maximum attainsble at & given supersonic
IThe ram-jet and turbojet engines operate essentially with constant-

volume flow since the velocity past the flame holder and at the com-
pressor intake mst remain constant at the maximm sllowaeble values.

Thls condition is required in order to obtailn the necessary thrust with
an engine of the least frontal area.




NACA TN 2697 ‘ 7‘

Mach number. As the mass-flow ratio 1s reduced from its maximm value
until the maximm total-pressure recovery is attained, the thrust coeffi-
clent Cpy' Iincreases due to rising recovery and so does the drag coef-
ficient Cpg' due to incressing additive drag (see reference 4). Thus,
the total-pressure recovery and drag have opposite effects on the net
thrust coefficient Cpg' within the range of mass~flow ratios limited by
conditions of the least drag and the highest total-pressure recovery.
To attaln the maximm net thrust coefficient it is necessary, therefore,
to provide the air required by the engine at an optimm mass-flow ratio
that provides the best compromise between thrust and drag.

Determination of internal thrust coefficient, Cpy'.~ When calcula-

tions of the net thrust coefficient are made in order to £ind the optimm
mass-flow ratio, it 1s convenient to consider the flow field existing
about a propulsive system to be divided in two parts, internal and exter-
nal, the boundsry being that of the stream tube surrounding the air which
enters the system. The flows within these two regions may be analyzed
separately, and the resulis can be combined to obtain a figure of merit -
for the camplete system. It is shown in appendix A (equation (A3)) that
when the thrust due to internal flow is expressed in coefficient form
(Cry') based on the free-stream area of the stream tube entering the
induction system (Ao), the significance of the quantity of air required
by the engine disappears. Then, the magnitude of Cpy' depends only

on the ratio of the exhaust and flight velocities. (The contribution of
the mass of fuel burned, We/Wa, to the thrust, Cry', is usually on the
order of only 5 percent at rated conditions.) This fact maekes it possible.
to isolate the effects of the total-pressure recovery on the thermodynamic
cycle which determines the magnitude of the internal thrust coefflcient
Cry' attainable with given engine characteristics at a fixed Mach number
and altitude. To reduce computational effort and to meke the determina-
tion of the internal thrust coefficient universal, graphs based on the
thermodynamic cycles of Jet engines have been developed.

The processes undergone by the internal ailr flow from one station of
a propulsion system to enother have been represented graphicelly in fig-
ures 2 to 4 using the tables and methods of reference 5. (See example 16
of reference 5 for illustration of the method of solution for various
states of the gas.) The subscript numerals designate the stations shown
in figure 1. The assumptlons used are independent of any actual installa-
tion. They are as follows:

1. For a turbojet engine, the specific enthslpy change through the
turbine is equal to the specific enthalpy rise in the compressor (calcu-
lated as if the compression were isentropic) divided by the product of
the adisbatic efficiencies (the combined efficiency) of the two units.

2. The alr-fuel ratios are those necessary to maintain the assigned
cambustion temperature by complete combustion of a fuel with the lower
heating value (L.H.V.) equal to 19,000 Btu per pound.
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3. The flow in the exheust nozzle is isentrople; 1t has the prop-
erties of air at the exhaust temperatures. and leaves.the tail pipe at
free-stream static pressure at all flight conditions. (This assumption
requires an adjustable exhaust nozzle with variable throat and exit areas
Azo and Ajy.)

Flight and exhaust velocities can be determined from figure 2 for
ram Jets and also for turbojets 1if the engine performance is avallable in
the generalized form (Hg/Hg and Tg/Ts) suggested in reference 6. If not,
figures 3 to 5 must be used to find the effects of engine operation on
the fluld conditions at the engine ocutlet or at the entrance of the
exhaust nozzle. Quadrant I of figure 2 presents the variation of the
free-stream Mach number with the speed of flight at various altitudes.
Quadrant II ylelds the ratio of recovered total pressure to free-stream
static pressure (Hg/p,) as a function of total-pressure recovery (Hg/Hp)
of the air-induction system. Quadrant ITII shows the highest exhaust Mach
number obtainable with the available pressure ratio (Hg/Po), which includes
mechanical compression due to the power plant, as a function of_ the total
temperature of the exhaust. The last quadrant provides the exhaust
veloclty corresponding to the exhaust Mach number and the total tempera-
ture Tg when Ppii = Po. A correction for the exhaust-nozzle losses can
be applied to the exhaust velocity, which was calculated on the assumption
of isentropic flow, if the actual-to-theoretical jet-speed ratio is known. '
(see reference 4.) '

The temperature graph, from which the total temperature at various
stations throughout the propulsive system can be determined, is shown in
figure 3. The effects of altitude, flight Mach number, mechanical com-
presslon, and burning of the fuel are included in this figure. Quad-
rant IV can be used to find the temperatures or the amounts of fuel con-
sumed in afterburning ag well as In the main combustion chambers. The
effects of incomplete combustlon or of a different fuel heating value on
fuel consumption can be taken into account by direct ratios of combustion
efficlencies or of the heating values. The temperature graph 1s used in
conjunction with the compressor-turbine graph shown in figure 4 from which
the turbine expanslon ratio necessary to drive the compressor can be
determined. This figure also provides the resulting total temperature at
the turbine outlet (Tg) for a given inlet temperature.

Figure 5 presents the variation of the temperature correction factor
with temperature at the compressor or turbine inlet. This figure is used
to calculate the engine operational conditions from the performance param-
eters corrected to standard sea-level condltions. The effect of tempera-
ture on the ratio of specific heats for air has been included in the tem-
perature ocorrection factor for the compressor because the stagnation
temperature of the free stream varies sufficlently to cause error if it
were neglected.

The graphs described above allow determination of the veloclties and
air-fuel rates that mist be known in order to calculate the internal thrust
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thrust coefficilent. CFy'. The coefficient Cry' 1s computed by substi-

-tuting these quantities in equation (A3) of appendix A.

Determination of the external drag coefficient Cpgp'.- The total

drag chargeable to a propulsive unit consists of drag attributable to the
induction system, to the modification of the airframe necessary to house
the engine, and to the interference of the pressure fleld of the propul-
sive system with other components of the aircraft. The magnitude of drag
chargeable to the induction system depends on the amount of diffusion
ghead of the inlet, which is a function of mass-flow ratio (see refer-
ence T), and on the geometric proportions of the induction system which
may be described, In general, by the length of the induction system and
the ratio of inlet area to the frontal area of the installation (A,/SR).
The inlet area necessary to provide the alr required by the engine depends
on the inlet mass-flow ratio; if the optimm mass-flow ratio is unknown,
the value of the ratio Ai/SR necessary for optimum operation is also
unknown. Thus, when the optimum mass-flow ratio is being calculated, it
1s necessary to compute the variation of the net thrust coefficient (Cry
wlth mass-flow ratio for seversasl values of Al/SR which are between the
value for the inlet operating at the maximum mags-flow ratio and that

requircd at the mass-flow ratio for maximum total-pressure recovery.

In practice, induction-system characteristics are usually obtained
from tests with models having a fixed A;/SR ratio. If data for various
A; /SR ratios are unavailable, it is necessary to estimate the effects of
A; /SR ratio on the drag and total-pressure recovery. Since the A,/Sg
ratlo approximately establishes the angle of inclination of the external
surface of the induction system with respect to the flow direction, the
surface-pressure drag 1s affected the most by changes in inlet size.-
Since the surface-pressure drag usually represents only & small portion
of the total drag of a propulsive system and the angle of surface inclina-
tion changes little with moderate variations in Al/BR ratio, the effects
of the ratio A;/SR can often be neglected.

Determination of Inlet Size For
Optimm Operation

To develop maximumm thrust at a given flight condition with an engine
operating with & fixed volumetric capacity, it is necessary to match the
engine and the induction system so that the latter operates at “the optimum
mass-flow ratio. This condition is attained when the induction-system
inlet area (A;) is such that the cross-sectional area of the free-stream
tube entering the inlet (4,) is equal to that required by the engine. For
a fixed volumetric capacity, the area A, required by the engine varies
directly with the total-pressure recovery at the ‘exit of the induction
system. This area (A;) can be found using relations given in appendix B
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(see equations (Bl) and (B8)) and the engine characteristics. The inlet
area (Aj) can be found from the equation defining the mass-flow ratio,

that is, my/mp = Ag/A1.

The engine alr requirements change with Mach number and altitude,
and the optimm mass-flow ratlio usually changes with Mach number. Thus,
it is unlikely that any one propulsive system willl develop the maximum
net thrust at all flight conditions unless the inlet area is adjustable.
If the engine alr requirements are adjusted to the characteristics of the
induction system having a constant inlet area by means of engine-speed
control, the propulsive system will not develop the attainsble maximum
net thrust at off-design flight conditions.® Appendix C presents the
relations between the mass-flow ratio, the total-pressure recovery, and
the engine air requirements at various engine speeds; these relations
provide the information necessary for computation of engine performance
at part-throttle operation.

ILLUSTRATIVE EXAMPLES

Application of Graphs

The use of the graphs can be demonstrated best by illustrative
examples. For this purpose a ram jet and a turbojet with and without
afterburning have been selected since they represent the presently popular
types of propulsion systems. When the charts are used for determining
the internal thrust coefficients of actual installetions, the actual
induction system and engine characterlistics are used; in the present
report, these characteristics have been assumed. The computations were
performed for verious total-pressure recoveries (Hé/Hb from 1.0 to 0.k4)
and Mach numbers (Mg from 1.0 to 3.0) in order to obtain data for the
example induction-system calculations presented later in this report.

Ram jet.- The steps of solution, presented in tabular form, for a
ram Jjet flying at a Mach number 2.0 in the isothermal region of the
atmosphere are as follows (the assumed.values are indicated by asterisks):

2since the engine ordinarily runs at the maximm speed allowable for con-
tinuous operation (rated rpm), the speed control can only reduce the
speed. Thus, the weight of air handled per second and the operating
temperature- decrease with the result that thrust decreases.
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Item ’ Source Units . Quantity
£t
Vo Fig. 2, quadrant I v 1940
Ha/H, Induction system None 0.80*
characteristics
Ha/Po Fig. 2, quadrant II None 6.25
Tos Fig. 3, quadrants I Or 708
and IT
Ty Operating temperature OR 3000%
W v air
it - =
<Wf>g por 3 Tor T end T foer | 296
o-3
Hy/Po Gf—?) G%) None 6.25
Vi1 Fig. 2, quadrants III None 3913
and IV for Hg/p, and
Tg
We\ Via ’
b — ] — -
Cry 2 [(? + W%) Vs l] None 2.170

The loss of total pressure between stations 3 and 9 was neglected.
However, such loss can be taken into account by reducing the value of
Hy/H; oy the amount of loss.

Figure 6 shows the variation of the internal thrust coefficient Cpy’

with the total-pressure recovery and Mach number computed using the proce-~
dure outlined in the sample calculation. The temperature of combustion
was assumed to be 3000° R throughout the range of Mach mumbers. It must
be remembered in the use of this figure that, since a fixed temperature
was used, elther the size of the inlet or the mass-flow ratio must reduce
with decreasing total-pressure recovery or the critlcal area of the
exhaust nozzle must be increased to compensate for the greater gpecific
volume of the air handled.

Turbojet.- In order to find the variatlon of the internal thrust
coefficient for the turbojet without and with afterhurning, the general-
ized characteristics of the engine shown in figure T were used. Constant
actual speed Np of 12,500 rpm (rated speed at standard intake conditions)
was assumed for the entire range of operation in both cases. The compres-
sor characteristlcs were selected so that the pressure ratio at Mach num-
ber 1.k would be 6.25. (The reasons for selecting this pressure ratio are
discussed in appendix D.) The effects of Reynolds number index (the ratio

e e v e e+ < e e = e = = o v ey o e TR A AT et T s e e T e e = = s o
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of Reynolds number to Mach number, see reference 6) on the compressor
characteristics have been neglected. The turbine characteristics neces-
sary to satisfy the engine operational requirements were determined using
figures 3, 4, and 5 upon assumption of the variation of the adiabatic
efficiency 14 with corrected turbine speed for sea-level static condi-
tions. The operational limits were fixed by the assumptions of: (1) the
combustion temperature (2000° R) at rated engine speed; (2) the equality
of actual rotational speeds of compressor and turbine; and (3) the equal-
ity of compressor and turbine pressure ratios at the idling speed.

The internsl thrust coefficients for the turbojet with afterburning
were camputed on the assumption thet the total fuel consumption (engine
plus afterburner) per pound of air is equal to that of the ram Jet at the
same Mach number. The steps of solution for the turbojet without and with
afterburning are given in chronological order in table I which contains
the computations for flight at Mach number 2.0 in the isothermal region
of the atmosphere. .

As in the case of the ram jet, the losses of total pressure due to
combustion and friction ( ,%Z-,%‘i and Eﬂ) were neglected. Such losses,
g iz '
however, can be readily accounted for when HS/H3 1s computed.

The variation of the internal-thrust coefficient Cp3i' with total-
pressure recovery camputed for a range of Mach nmumbers is shown in fig-
ure 8. The variations of the internal thrust coefficients with Mach num-
ber and total-pressure recovery were calculated for the engine character-
igtics pertaining to a fixed actusl engine speed. Thus, as the total-~
pressure recovery decreases at a given Mach number and altitude, the size
of the air inlet or the mass-flow ratio must be reduced for a fixed-size
engine.

Calculation of Optimm Mass-Flow Ratio
And Inlet Area

To illustrate the calculation of the maximum net thrust coefficient
and of the required inlet area, the assumed characteristics of an air-
induction system will be combined with the assumed engine characteristics
shown in figure 7. In addition, the flight conditions of the example
calculations will be selected so as to demonsgtrate the effects of Mach
mumber and altitude on the maximm net thrust coefficient, the optimum
mass-flow ratio, and the inlet area necessary for optimum performance.

Example 1.~ Flight is in the isothermal region of the atmosphere at
Mach number 2.5. The engine operates at the rated actual speed and uses
afterburning to the extent that the total fuel consumption is equal to
that of & ram Jet having a 3000 R combustion temperature Ty .. (See
figs. 1 and 6.)
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Example 2.- Flight is’in the isothermal region of the atmosphere at
Mach number 1.2. The engine operates at the rated actual speed and uses
no afterburning. :

Example 3.~ Flight 1s at sea 1eve1 at Mach number 1.2. The engine
operates at the rated actual speed and uses no afterburning.

To simplify presentation, the effects of the ratio of inlet area to
the maximum frontal area of the installation (A;/SR) on the drag coeffi-
clent and total-pressure recovery will be neglected; that is, the 'charac-
teristics for a fixed (A,/SR) ratio will be used to find the optimum mass-
flow ratio. The engine frontal area Sp will be assumed equal to TO per-
cent of SR, and A;/SR = 0.20 will be used in all exeamples; it will also
be assumed that the engine operates at a constant speed (12,500 rpm) at
all times, and that its size is such that it requires Ay = 1 square foot
vhen Hg/Ho = 1.0 and Mo = 1.0 at sea level, that is (Wa)r = 54.6 1b/sec.

The assumed. characteristics of the induction system to be evaluated
are shown In figures 9 and 10. This system, designed for My = 2.5, uses
one oblique shock wave ahead of the entrance and a normnl shock wave Just
inside the inlet at the maximum mass-flow ratio. The A,/SgR ratio is
typical of induction systems of the side-scoop type. At My = 1.2, the
maximm mass-flow ratio is less than at Mgy = 2.5 because the normal
shock wave is well ahead of the entrance and a considerable portion of flow
is deflected past the inlet. PFor the same reason, the minimum external
drag coefficient Cpp is higher as a result of a greater additive drag
coefficient (see reference 7). The total-pressure recovery is higher at
Mo = 1.2 because the normal shock wave occurs at a lower Mach number.

In all cases the golution follows the outline glven in the section
entitled "Method” of this report. !

Step 1: The variation of the internal thrust coefficient Cry'
with "Hg/Ho at Mo and flight altitude is calculated. Figure ll shows
the internal thrust coefficient Cry t for example 1 obtained from the
cross plot of data of figure 8 for Mo 2.5.

Step 2: The external drag coefficients shown in figure 9, when
converted to A, using equation (Ah) of appendix A and Al/SR = 0.20,
assume the values shown in figure 11.

Step 3: The net thrust coefficient Cryg' 1is obtalned by subtract-
ing CDEi from Cpq' of figure 11. )

Step l4: The net thrust coefficient (CFN)P, obtained using the
relation

o = o () (52 = o ()2 (2) - o0 o (3

and the values found in step 3, is shown in figure 12 for example 1.
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Similar calculations for examples 2 and 3 yield the results shown 1n
figure 13. In the case of example 3, curves similar to those of figure 8
for sea-level flight must be used.

The free-stream-tube area necessary to supply the air required by the
turbojet engine of the illustrative examples is shown in figure 14 for
various Mach numbers and total-pressure recoverles at two altitudes. The
curves shown were obtalned using equation (B8) of appendix B. The inlet
areas required at each of the three flight conditions to produce maximum
net thrust coefficilents (CFN) were obtained by dividing the free-stream

areas Ap, required by the engine when the total-pressure recoveries are

equal to those at i X , by the respective E%)
opt Mo opt
The results of the sbove calculations are summarized in the following
table: .
Optimum
msy, Maxdmum inlet area
Example <}——
mo/opt (CFN)P (A1) opt
(sq ft)
1 1.65 0.750 0.794
2 .9k 450 1.075
3 e .149 .915

CONCLUDING REMARKS

The method and graphs allow rapid evaluation of air-induction systems
from consideration of thelr serodynamic parsmeters in ccambination with
engine characteristics. In addition, the method and graphs simplitv con-
gsiderably the problem of determining the optimum mass-flow ratio to be
used in cases when the maximum total-pressure recovery does not occur at
the maximum mass-flow retio. ‘

The illustrative examples indicate that the inlet area required for
optimum performance must change with altitude at a fixed Mach number as
well as with Mach mumber at a fixed altitude. Thus, it is unlikely that
any one propulsive system will develop the attainable maximum net thrust
throughout the range of Mach numbers and altitudes unless scme means of
varying the inlet area are employed.

Ames Aeronautical Iaborstory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., Feb. 19, 1952
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APPENDIX A

,

RELATIONS DESCRIBING NET THRUST COEFFICIENT
AND NET THERMAIL EFFICIENCY
The internal thrust force and the internal thrust coefficient are

glven by the following relations when the exhaust pressure is equal to
free-stream static pressure:

Fi—za[é-'*' q)El“VOJ-DOAOV [<1+ £ —1}=

e Bwe - w
cF1=q§;R 2 20 K Wf;,’;l-] (a2)

where Wf/Wa represents the total amount of fuel consumed per pound of
alr handled. When based on the free-stream area of the stream tube enter-
ing the duct, the internal thrust coefficient 1s given by

opy? = Opy 3B - [( )v“-l] (a3)

Simijerly,
Cog' cDE R . Cog (ak)
A1
VAT L ‘ o
o -
where =% = %ﬁ by definition. By contimuity, piViAy = poVoho, &nd
my _poVoho _ Ao
my  poVohi Ay
The net thrust coefficient based on Ap 1s given by
CFy' = CFy' - Cpg' (A5)
thus,
v ,
= 2[(1 ) a1 ] C])E(, (46)
Al
mo

The net thrust coefficient based on the engine frontal area is related to
Cry' by the following relation:

oy ) - @@ o
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The net thermal efficiency of a propulsive system is given as

_ Vo
[(rL.B.V.)WelT

where

2 ' W,
TN = CFy'5 po¥o Ao = 30Fy" (PoVoho) o = 30my' g2 Vo
thus
. 2
1 o Ve (a8)

"E2 @Y )el vp

where Wa/Wf is the weight ratio of air to fuel for the complete
installation.

If fuel is sdded at stations A and B and the local Wa/Wf ratios
are known, it can be shown that

-1

OO
S

since for one pound of mixture (see reference 5)

We A
<;g + Wf;Lotal = <§g + Wf) <%a + Wf

Similarly, solving for the air-to-fuel ratio necessary to make up a total

ORCEEE
A O

(A9)
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APPENDIX B
RELATION BETWEEN ENGINE REQUIRE&{ENTS AND THE OPTIMUM INLET

AREAS AT VARTIOUS FLIGHT CONDITIONS

The corrected air flow given by the relation
, o
(a)ee = (522 ), -

can be plotted in the form of a ratio to the rated corrected value

(Wa)y = (Wa g: >r

(Fadeg =( %’%) |
s +(Wa)y ( Wa;aaa ir
Jg; - (Wa)ee 53

(Ve ) =<Wa Ba Jr (Wa)y 85/ u

where (Wa,)M = gpoVolo Iis the actual weight rate of air flow through the
engine at a given Mach number. For any two Mach numbers M, and M; the
welght rates aré thus related by the ratio ’

(Wa) 53 ]M
(W&)Mj.l._ =[(Wa-5r (J 9:3> 1 (22)
(Wa)Ma [(Wa)cc 83 >:l _
. (Wa)y (,/ %/ Iu,
The welght.-flow in the free stream through an area eq\ua.l to that of

inlet passage is given by the relation gpoVol:r = &poMok 8o and the
welght entering the inlet 1s given by ‘

or

(B1)

for a glven engine.

(Wa)y = [(S'DoMoAlao)II%EIM (83)

At any two Mach numbers M, and M,
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(Hahsy @poMoAl&omO> M1

(BY)
W
(Wady, <gpoMoAlaomo> v
If the two static pressures and temperatures are equal (fixed
standard altitude) _
(¥Wa) (A L )
H (85)

(o, (AoE2),

The flow through the inlet must be equal to the flow through the
engine for a matched condition. Thus,

<A1Mo%> My _ [%3%}_—& ] Ml‘
mi alec B3
(o), [Gar],,

gince 8g = 2820 ang 29 o constent for a fixed altitude,
Po Pr Pr

(Al)M 1: >opt]M [g:—;:ﬁ -gi- /};Lz

oo, o @), e/

(Al)Ma _ \:MO (%>OPJM1 [%’%;—cc % g% ei] Mo

(A )y [) <m0)opt}M2 [%E%:"—c EZEZ ool 1

The values of —-—ﬂ
(Wa)r
teristics for corrected campressor speed Ncc, which may be found using
figures 3 and 5. The rest of the terms are determined from the inlet
characteristics and flight conditions with the help of figures 2, 3, and 5.

(B6)

or

are given by the engine (compressor) charsc-

For flight at different altitudes end Mach mumbers it can be shown,
gimilarly to equation (B6), that

(), [Mo <_l>opt 2o Ml[gii“’ E: :;] My

(B7)
(A1), [ < opt Eo E[g:,;ic % ?;E:I My
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where af = W 7o8RTz 18 the speed on sound at stegnation conditions.

The free-stream area Ap required by the engine at varigus flight
conditions can be obtained using equation (B7) by letting ( m_lo‘) op

g = b
and A; = Ag. Thus

Do\ (Wa)ce Hs go_]
(AO)MZ = (Mo Ho /My [(Wah- Ho 8H | Mo (B8)
(Ao)Ml (Mo Po [(Wa)cc Hg ao:li ‘
B/ M, LVWalr T 2p)m,
Po_ _1 Hg _ Hg
where Ho = m when i 1.0. Quadrant II of figure 2 gives %o
for M,. ‘
80 _8soear_a /LL519 8 /’l
ag srafg ard 7 Ty Opd/ 6
where
Lag®)

— is the ratio of speed of sound at static temperature for flight
8 altitude to that at stendard sea-level conditions. This
ratio can be found from quadrant I of figure 2.

/%‘— is given in figure 5 for Tg =T, 5 which can be found from
quadrants I and II of figure 3.

e e e . ————— ot o e o+ P Ay AT~ S S i e AT T e e s ST S A AT S S e -
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APPENDIX C

RELATION BETWEEN INLET MASS-FLOW RATIO AND THE ENGINE

ATR REQUIREMENTS AT A FIXED MACH NUMBER ARD ALTITUDE

The mass-flow ratio, by definition, is given by

my _ paValy
mo  pPoVohi

The mass of air flowing through the inlet is then

m
P1ViA; = iﬁ'.}' PoVohi

The weights of air flowing through the inlet and the engine are

equal and are gilven by

m ; toTe)
Wa = Ei gooVoh1 = (Wa)ee <76—;'

and. ‘

2 o )

<m0>opt gpoVohy [(Wa)cc < o= M opt
Thus, the ratio of mass flows at different my /oo 1is given by
! ﬁ"‘gl I:(Wa)cc (‘S‘i) MJ(WB.)I-
&L T (B
opt S /M opt

or ) /

2 )]

o -
@—°> opt [g:;:.c (JZ_: Jopt

Solving for Ez—a;ﬂ and rearrsnging terms, one obtains
. a/r )

Mt et e e e = fm m—— - - - e —————————— =

(c1)
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(Wa)r (Wa)r

2" 01 )
My opt ‘/9_3-

' For a given Mach number and altitude the total temperature T, g is con-

stant, hence,
(7)u] - ()

(Wadee [Wa)cc] iy K/Zf |-
et

' By definition,

| | 83 = H/Pr
or
; 5. BB _ H HoPo
® "Hyp. Ho Do P,
| where IHTQ = constant for a given Mp and altitude., Thus,
. :
2 (B)
(adeg| [(m)cc o opt (3)
el fy,  [GHe)y ) (& >
mo opt
( a)cc

Usin the compressor corrected speed N, can be found
S Ty by pecd. Tec

from the englne cha:racteristics. The actual engine speed Nj can be
found, once ,/ 85 1is known, since Np = Neca./Og.

Cr e e m n v n e mm v = s S g e g € A n e o v & ey T e e v i et =
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APPENDIX D

SELECTION OF COMPRESSOR PRESSURE RATIO

The compressor pressure ratio H4/H3, as used in this report, has
been selected using the maximum obtainable internal thrust coefficlent
as a criterion. Figures 2, 3, and L were used together with the equation
for the internal thrust coefficient Cp;' (eppendix A, equation (A3)).
The calculations were based on the following principles:

1. In order to segregate the effects of variation of engine param-
eters from the effects of altitude and pressure recovery, the conditions
of the isothermal region of the atmosphere were used and isentropic
recovery was assumed.

2. The combined efficiency of the compressor and turbine ncent wes
assumed to be 100 percent in all computations, and a combustion tempera-
ture of 2000° R was used.

3. The internal thrust coefficient Cp;' was determined for assumed
Mach numbers of flight. The exhaust nozzle was considered 100 percent
efficient.

The results of these calculations are shown in figure 15 for the
turbojet without afterburning. The points of maximm internal thrust
coefficients have been joined by a curve which indicates the compressor
pressure ratios necessary to obtain optimum operation. The data of fig-
ure 15 are idealized since the variation in compressor efficiency with
temperature was not included (ﬂcﬂt was assumed to be 100 percent).

The optimum pressure ratios, however, are not affected epprecisbly
by the combined efficiency; the thrust coefficients, on the contrary, are
largely dependent on efficiency of every component of en installation.
Pressure ratios of the compressor of figure 7 at various Mach numbers
also are shown in figure 15. The value of Hy/Hg = 6.25 at My =.1.4
was selected as one that would produce approximately maximm internal
thrust coefficient without afterburning at Mach numbers less than 2.0.
Figure 16, vwhich presents data similar to those of figure 15 but with
afterburning, shows that the same engine using afterburning is capable of
producing nearly maximum internal thrust coefficlents in the range of Mach
numbers between 2.0 and 3.0. Again, the smount of afterburning was con-
trolled so that total fuel consumption would be equal to that of the ram
jet of figure 6. '

“
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TABLE I.- SAMPLE CALCULATIONS FOR A TURBOJET ENGINE
WITH AND WITHOUT AFTERBURNING

Turbojet Turbojet
Ttem Source Unite vithout with after-
afterburn- burning
, ing
Yo Fig. 2, quadrant T =2 1940 1950
By/Ho Indnction-system Hone 0.80% 0.80%
characteristics
Ha/Po Fig. 2, quadrant IT Home 6.25 6.25
To o Fig. 3, quadrants I and II oR T08 708
/a-;-I Fig. 5, far Ty Tone 0.858 0.858
Hip Actual engine speed rom 12,500* 12,5008
Tee m,/k mm 10,720 10,720%
e Compressor characteristics Hone , 0.500% 0.900%
for Nge, Tig. T
:P): Compressor characteristics Hone k.56% h.56"
for Mee, Fig. T
Ty Fig. 3 for H,/H, and T, , og 1060 1060
Ts Engine characteristics for o 2000% 2000
Hee, flg. T
—3; Fig. 5 for Ty Hone 0.522 0.522
Net Fa /%; rpm 6530 6530
g Turbine characteristics Tone 0.900* 0.900%
for THet, Tig.7
Hy/H, Fig. b for Tg, n.ng, and Ts Hone 2.% 2.50
T Fig. 4 for % and Tg oR 1584 1584
Va 1b air
("_f>5 Fig. 3 for T4 and TB m 77-0'6 77-06
1b air 8
=2 Assumed equal to that of — - - - 29.6
Gf total ram jet operating at 3000° R 1o foel
at sta. 8 -
¥a 1b adr -
( 7 added Equation (A8) of appendix A T Tacl %9.29
at pta. 8
To Fig. 3, quadrant IV, for T, oR 158 2926
and (-2) added at sta. 8
¥y,
o | EEEEEEE | | = |
Vi1 Fig. 2,Kaqua.drants IIT and 1V, ‘?:Tc 3118 k297
and 3= aod To
Cry ! 2[(1 + gf) %il - 1] Fone 1.256 2.520

8Yalues for assumed condition of operation.
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at Mach number 2.5 in the isothermal region of the atmosphers.
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Compressor pressure ratio, Hy/Hs W

Figure [5- Effects of compréssor pressure ratfio on infernal thrust
coefficient of turbojet without afterburning.
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Figure (6.~ Effects of compressor pressure ratio on infernal thrust /
coefficient of turbojet with afterburning.
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